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Transverse momentum spectra of , p, and p up to 12 GeV=c at midrapidity in centrality selected
Au Au collisions at sNNp  200 GeV are presented. In central Au Au collisions, both  and p p
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show significant suppression with respect to binary scaling at pT * 4 GeV=c. Protons and antiprotons are
less suppressed than , in the range 1:5 & pT & 6 GeV=c. The = and p=p ratios show at most a
weak pT dependence and no significant centrality dependence. The p= ratios in central Au Au
collisions approach the values in p p and d Au collisions at pT * 5 GeV=c. The results at high pT
indicate that the partonic sources of , p, and p have similar energy loss when traversing the nuclear
medium.
DOI: 10.1103/PhysRevLett.97.152301 PACS numbers: 25.75.Dw, 13.85.Ni
Ultrarelativistic heavy ion collisions provide a unique
environment to study properties of strongly interacting
matter at high temperature and energy density. When
hard partons traverse the hot and dense medium created
in the collision, they lose energy by gluon radiation and/or
colliding elastically with surrounding partons [1–3]. This
leads to a softening of the hadron spectra at high pT . The
amount of energy loss can be calculated in quantum chro-
modynamics (QCD) and is expected to be different for
energetic gluons, light quarks, and heavy quarks [4,5].
Bulk particle production at low pT is dominated by soft
QCD processes, and the transverse momentum (pT) dis-
tributions are described by hydrodynamical models incor-
porating local thermal equilibrium and collective flow [6–
8]. Between these two extreme pT scales, distinct patterns
of meson and baryon suppression have been observed
[9,10], which are consistent with hadronization through
coalescence of constituent quarks from a collective par-
tonic system [11–14].
In this Letter, we present the pT distributions of pions
(), protons (p), and antiprotons ( p), their nuclear modi-
fication factors, and particle ratios in 200 GeV Au Au
collisions at 0:3<pT < 12 GeV=c. This explores the full
range of particle production mechanisms, with emphasis
on the intermediate pT (2 & pT & 6 GeV=c) range, where
coalescence may play a role in hadronization, and high pT
(pT * 6 GeV=c), where particle production is dominated
by jet fragmentation. Identified particles at high pT provide
direct sensitivity to differences between quark and gluon
fragmentation. For example, proton and pion production at
high pT is expected to have significant contributions from
quark fragmentation, while antiprotons are mostly from
gluon fragmentation [4,15]. Therefore, p=p and p= ratios
in different systems are sensitive to the possible color
charge dependence of energy loss [4]. We discuss the pos-
sible transition between jet fragmentation and quark co-
alescence at hadronization, the color charge dependence of
the energy loss, and the fragmentation functions at high pT .
The data used for this analysis were taken in 2004 by the
STAR experiment [16]. A total of 15 106 central trig-
gered events for the most central bin (0%–12% total cross
section) and 14 106 minimum-bias (MB) triggered
events for the other centrality classes are used [17].
Measurements of the ionization energy loss (dE=dx) of
charged tracks in the time projection chamber (TPC) gas
are used to identify pions (protons) in the region pT 
0:75 1:1 GeV=c and 2:5  pT  12 GeV=c [19,20].
A prototype time-of-flight detector (TOFr), covering
=30 rad in azimuth and 1<< 0 in pseudorapidity
[20], is also used. By combining the particle identification
capability of dE=dx from the TPC and velocity from the
TOFr, pions and protons can be identified up to 5 GeV=c
[20,21]. A detailed description of particle identification
throughout the whole pT range (0:3  pT  12 GeV=c)
can be found in Ref. [20].
At pT 	 2:5 GeV=c, the dE=dx resolution of the TPC is
better than 8%, and pions are separated from kaons and
protons on the level of 1.5–3.0 standard deviations in
dE=dx [19,20]. The prominent yield of the pions can be
extracted from a three-Gaussian fit to the inclusive posi-
tively or negatively charged hadron dE=dx distributions at
given momenta [20,22]. For protons, we used two methods.
One method is based on track-by-track selection, using a
cut in dE=dx. The other method involved a fit of the dE=dx
distribution with three Gaussians [20,22]. For both meth-
ods, the K0S measurement [9] is used to constrain the kaon
contribution. The yields presented here are the results
averaged from these two methods.
Acceptance and tracking efficiency are studied by
Monte Carlo GEANT simulations [21,23]. Weak-decay
feed-down (e.g., K0S ! ) to the pion spectra was
calculated using the measured K0S and  spectra [9] and
GEANT simulation. The feed-down contribution was sub-
tracted from the pion spectra and found to be 
12% at
pT 0:35GeV=c, decreasing to 
5% for pT * 1 GeV=c.
Inclusive p and p production is presented without hyperon
feed-down correction in all the figures and discussions.
Protons and antiprotons from hyperon decays have similar
detection efficiency as primordial p and p at low pT . At
pT > 2:5 GeV=c, the efficiency difference due to decay
topology is estimated to result in a <10% correction in
final inclusive yields and is corrected for. The full magni-
tude of the correction is assigned as a systematic
uncertainty.
The invariant yields d2N=2pTdpTdy of , p, and p
from Au Au collisions are shown in Fig. 1. The lines in
the figure show the proton spectra after feed-down correc-
tion, to illustrate the size of the estimated feed-down con-
tribution [23–25]. Systematic errors for the TOFr mea-
surements are around 8%, and a detailed list of contribu-
tions can be found in previous publications [21,26].
Systematic errors for the TPC measurements are pT de-
pendent and include uncertainties in efficiency (
7%),
dE=dx position and width (10%–20%), K0S constraint
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(5%), background from decay feed-down and ghost tracks
(8%–14%), momentum distortion due to charge buildup in
the TPC volume (0%–10%), the distortion of the measured
spectra due to momentum resolution (0%–5%), and half of
the difference between the two methods to extract the
proton yields (3%–6%). The systematic errors are added
in quadrature. The spectra from the TOFr and TPC mea-
surements agree within systematic errors in the overlap-
ping pT region. The correlations of the systematic errors on
the particle ratios in Figs. 2–4 are properly taken into
account.
Nuclear effects on hadron production in Au Au colli-
sions are quantified through comparison of the spectrum in
central Au Au collisions to 40%–80% or 60%–80%
peripheral Au Au collisions, scaled by the number of
underlying binary nucleon-nucleon inelastic collisions
(Nbin) calculated from a Glauber model [2], using the ratio
 RCP  d
2N=2pTdpTdycentral=Nbincentral
d2N=2pTdpTdyperipheral=Nbinperipheral
:
Figure 2 shows pion (  ) and proton (p p) RCP
for Au Au collisions. In 0%–12% central Au Au col-
lisions, the pion yield shows strong suppression with RCP
between 0.2 and 0.4 at pT * 3 GeV=c. This is consistent
with the jet quenching calculation shown in Fig. 2(a) [27].
For each centrality, the RCP values for protons peak at
pT 
 2–3 GeV=c. At intermediate pT , p and p are less
suppressed, with respect to binary scaling, than , but a
significant suppression is still observed in central Au Au
collisions. This is in contrast to nuclear modification fac-
tors in d Au collisions, where a significant enhancement
is seen for protons [22]. Previous measurements at lower
transverse momentum [10] showed that RCP for protons is
close to 1 for 1:5<pT < 4:5 GeV=c. Our results agree
with those measurements within systematic errors, but our
data do not suggest that RCP is constant over the range
1:5< pT < 4:5 GeV=c, and the extended pT reach shows
that RCP for protons decreases again at higher pT .
The results in Fig. 2 clearly show different RCP for
protons and pions at intermediate pT . A similar effect
has been observed for K0S and  [9], with K0S () RCP
similar to pion (proton) RCP. The grouping of particle
production according to the number of constituent quarks
has been attributed to quark coalescence at hadronization
from a collective partonic medium [11–14]. Our high
statistics measurements show that these effects disappear
at high pT , where baryons and mesons show a common
degree of suppression. This is consistent with the general
expectation that collective and coalescence effects have a
finite pT reach.
Figure 3 shows the = and p=p ratios in 0%–12%,
MB Au Au, and d Au [21,22] collisions. We observe
that the = ratios are consistent with unity in d Au,
MB, and central Au Au collisions. Predictions from a
pQCD based model with and without partonic energy loss
are consistent with our data [4]. The same calculation
shows a significant effect from energy loss on the p=p
ratio [Fig. 3(b)], due to the large energy loss of gluons in
the medium. Our measurements, in contrast, show little
centrality dependence of the p=p ratio at pT & 6 GeV=c
and a possible increase of the p=p ratio at higher pT in
central Au Au collisions compared to d Au collisions.
Figure 4 shows the p= and p= ratios in 0%–12%,
60%–80% Au Au and d Au [21,22] collisions. The
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FIG. 2 (color online). Nuclear modifi-
cation factors RCP for    and p
p in 200 GeV Au Au collisions. The
point-to-point systematic uncertainties
are shown as the shaded boxes around
the data points. The dark shaded bands
show the normalization systematic un-
certainty in the number of binary colli-
sions. The solid lines show jet quenching
predictions for pions [27].
0 2 4 6 8 10 12 14 16
-
2
) (
Ge
V/
c)
T
dy
dp
Tp
π
N
)/(
2
2 (d
-1010
-710
-410
-110
210
510
310×0-12%
210×10-20%
10×20-40%
MB (0-80%)
40-60%/10
240-80%/10
360-80%/10
 (dE/dx)+πAuAu: 
 (dE/dx)-πAuAu: 
 (TOF)+πAuAu: 
 (TOF)-πAuAu: 
0 2 4 6 8 10 12
AuAu: p (dE/dx)
 (dE/dx)pAuAu: 
AuAu: p (TOF)
 (TOF)pAuAu: 
 (GeV/c)
T
Transverse Momentum p
FIG. 1 (color online). Centrality dependence of midrapidity
(jyj< 0:5) , p, and p invariant yields versus pT from
200 GeV Au Au collisions. The error bars are the quadrature
sum of statistical and systematic errors. The solid lines depict
our best estimates of the proton yields corrected for the hyperon
( and ) feed-down [25]. The shaded bands on the lines
represent the uncertainties. The order of the spectra in different
centralities is the same for both panels.
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ratios in Au Au collisions are observed to be strongly
centrality dependent at intermediate pT . In central Au
Au collisions, the p= and p= ratios peak at pT 

2–3 GeV=c with values close to unity, decrease with in-
creasing pT , and approach the ratios in d Au, p p and
peripheral Au Au collisions at pT * 5 GeV=c. The dot-
ted and dashed lines are predictions for central Au Au
collisions from recombination [12] and coalescence with
jet quenching and KKP fragmentation functions [13,28],
respectively. These models can qualitatively describe the
p p= ratio at intermediate pT but, in general, under-
predict the results at high pT .
At high pT , the p= ratios can be directly compared to
results from quark jet fragmentation as measured in e 
e collisions by DELPHI [29], indicated by the dotted-
dashed line in Fig. 4(a). The p= ratio measurements in
d Au and Au Au collisions are higher than in quark jet
fragmentation. This is likely due to a significant contribu-
tion from gluon jets to the proton production, which have a
p p=   ratio up to 2 times larger than quark
jets [30]. A similar comparison cannot be made for p
production [Fig. 4(b)], because there is a significant im-
balance between quark (q) and antiquark ( q) production at
high pT in d Au and Au Au collisions, and the frag-
mentation function of q to p cannot be readily derived
from e  e collisions. It is, however, known from lower
beam energies, where quark fragmentation is dominant,
that the p= and p=p ratios from quark jets are very small
(<0:1) [22,31]. The large p= ratio of  0:2 seen in
Fig. 4(b) is likely dominated by gluon fragmentation. This
is in agreement with AKK fragmentation functions [15]
which describe the STAR data in p p collisions [22],
showing that gluon fragmentation contributes to 40% of
pion production at pT ’ 10 GeV=c while more than 80%
of p p are from gluon fragmentation.
At high pT , the nuclear modification factor of protons is
similar to that of pions (Fig. 2) and the p=, p=, and
p=p ratios in central Au Au collisions are similar to
those in p p and d Au collisions [22]. These obser-
vations indicate that, at sufficiently high pT , fragmentation
in central Au Au and p p events is similar and that
there is no evidence of different energy loss for quarks and
gluons in the medium. The theoretical calculations in
Fig. 3 show that differences in radiative energy loss are
expected to result in measurable changes in the p=p and
p= ratios. Those calculations, however, do not repro-
duce the measured p and p spectra in p p collisions
[22], indicating that the fragmentation functions for baryon
production are not well known. The determination of
baryon fragmentation functions from elementary collisions
and the expected range of validity of factorization for
baryon production are areas of ongoing investigation
[15,22]. In addition, there is some uncertainty in the
mechanism of energy loss. It has been postulated that the
addition of collisional energy loss to radiative energy loss
may explain the large suppression of leptons from heavy
flavor decays in Au Au collisions [32,33]. The latest
calculations [34,35] including collisional energy loss and
path length fluctuations [36] show that the nuclear modifi-
cation factor of gluons is still expected to be a factor of 3
lower than that of light quarks.
We have reported the transverse momentum spectra of
pions and protons at midrapidity from 200 GeV Au Au
collisions up to 12 GeV=c. Protons and antiprotons are less
suppressed than pions at intermediate pT . At pT *
6 GeV=c, both mesons and baryons are strongly sup-
pressed. However, the relative particle abundances show
no system dependence among p p, d Au, and Au
Au collisions. These results indicate that the partonic
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sources of , p, and p have similar energy loss when
traversing the nuclear medium. Particle identification at
high pT provides crucial information and new challenges
to the understanding of energy loss and modified parton
fragmentation in strongly interacting matter.
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